Background-Preterm children face higher risk of cognitive and academic deficits compared with their full-term peers. The objective of this study was to describe early childhood cognitive ability and kindergarten academic achievement across gestational age at birth in a populationbased longitudinal cohort.
INTRODUCTION
Children who are born preterm are more likely to experience cognitive and academic deficits as well as learning disabilities and problems in school. 1, 2 Preterm delivery interrupts in utero brain growth and development; children are born with developmentally immature brains before they have had sufficient time to achieve optimal size and neuronal development. Preterm children may have smaller brain volumes 3, 4 and experience central nervous system injuries 5, 6 , both of which are associated with worsened neurodevelopmental outcomes in childhood. Children born at the earliest gestational ages and lowest birth weights have the most severe consequences; however, even children born nearer to term-i.e., at late preterm or early term-may have worsened cognitive and academic outcomes compared those born at full term or at 39 weeks or later. [7] [8] [9] [10] Numerous studies have evaluated children's outcomes following preterm or early term birth but few have examined outcomes along the entire range of gestational age within the same analytic population. Given evidence of the adverse impacts of even mild prematurity, we wanted to understand the impacts of each additional week spent in utero on cognitive scores or school outcomes without limiting our analyses by using a single reference group (e.g., ≥37 weeks). Variation in cognitive test scores by each additional gestational week has been found among children born earlier than 33 weeks 11 and among infants born at 37-41 weeks. [12] [13] [14] Two studies examined the relationship between the full range of gestational age and academic problems, focusing on special education provisions in Scotland 15 and completion of basic schooling requirements in Denmark. 16 The objective of this study was to describe cognitive and academic outcomes at 2 years and kindergarten age across the full spectrum of gestational age at birth among children enrolled in a U.S. population-based longitudinal cohort study.
METHODS
This study used data from the Early Childhood Longitudinal Study-Birth Cohort (ECLS-B), a population-based longitudinal study that sampled children from 2001 U.S. births and followed them through kindergarten. Its design and data collection procedures have been described extensively. 17 Briefly, more than 14,000 children were selected in a stratified, clustered sample of 2001 birth certificates with oversampling of twins, low birth weight, very low birth weight, and certain racial/ethnic groups. About 10,700 children including 8,850 singletons enrolled in the study at 9 months old. Data were also collected at 2 years, preschool age, and kindergarten age. Kindergarten data collection was split across two waves starting in fall 2006 and fall 2007 in order to assess children at kindergarten entry, which typically differed based on birth date; we used data from children's first entry into kindergarten. The kindergarten waves followed an 85% sub-sample (n=7,700; 6,250 singletons) of children who had completed the preschool wave (n=9,000; 7,400 singletons). To be eligible for follow-up in each subsequent wave, children needed to have a completed parent interview at the previous wave. There were 7,250 singletons born at 24-42 completed weeks who were eligible for this study. Children were excluded if part of a multiple birth (n=1,800), missing clinical estimate of gestational age (n=1,450) or birth weight (n=150), or reported birth weight was implausible for gestational age (n<50). 18 Nearly all (97%) of children missing clinical estimate of gestational age were California births, where the clinical estimate was not reported on birth certificates until adoption of the 2003 revised birth certificate. 19 Gestational age at delivery was defined using the clinical estimate of gestation reported on the birth certificate. Gestational age was modeled using four methods spanning three general approaches: continuous (linear and quadratic terms); using each gestational age week as its own category; and using categories defined by the American Congress of Obstetricians and Gynecologists (ACOG) for early preterm (24-27 weeks), moderate preterm (28-33 weeks), late preterm (34-36 weeks), early term (37-38 weeks), term (39-40 weeks), late term (41 weeks), and post-term (42 weeks). 20 Cognitive ability at 2 years old was measured using the Bayley Short Form-Research Edition (BSF-R) Mental Scale, an abbreviated version of the Bayley Scales of Infant Development-Second Edition (BSID-II) developed for the ECLS-B. 21 The BSID-II comprises 178 items organized into age sets; individual test takers receive different sets of items based on their assessment age (corrected for prematurity). In contrast, ECLS-B children were all administered the same set of up to 33 items-including 19 core items, 5 basal items, and 9 ceiling items-selected based on psychometric properties to validly test cognitive ability for 22-26 month old children. Our analyses used children's scale scores, which represented the item response theory (IRT)-based estimate of raw score on the full BSID-II. 22 Some children completed the BSF-R Mental Scale outside of the target age range of 22-26 months; therefore we restricted to children in this age range in a sensitivity analysis.
Reading and mathematics achievement at kindergarten age was measured using ECLS-Bdesigned assessments of knowledge and skills in reading and mathematics. 17 These assessments used existing items from standardized instruments and assessment batteries for preschool-and kindergarten-aged children (e.g., Peabody Picture Vocabulary Test, PreLAS® 2000), as well as ECLS-B-developed items. 23 There was a two-stage design consisting of a routing test administered to all children and a second-stage test of low, medium, or high difficulty selected based on routing test performance. Our analyses used children's scale scores, which represented the IRT-based estimate of the number of items that a child would have answered correctly if they had been asked all of the scored questions.
Covariates of interest were child's race/ethnicity (American Indian or Alaska Native, Asian, non-Hispanic black, Hispanic, multi-racial, Native Hawaiian or other Pacific Islander, non-Hispanic white), maternal educational attainment (less than high school, completed high school, some college, bachelor's degree or higher), household poverty adjusted for household size (<130% of the federal poverty threshold [FPL], 130% to <185% of FPL, and ≥185% of FPL), child's sex, parity (first-born, second or third born, fourth-born or above), and maternal age at delivery (categorized as 15-17, 18-19, 20-24, 25-29, 30-34, 35-39 , and 40 years or older). Covariates were ascertained from birth certificates (child's sex, parity, maternal age at delivery) or parent interviews at 9 months (child's race/ethnicity, maternal educational attainment, household poverty for 2-year analyses) and 2 years (household poverty for kindergarten analyses).
Statistical analysis
Descriptive statistics included frequencies by gestational age and covariates as well as unadjusted mean outcome scores by categories of gestational age and covariates. Multivariable analyses with generalized estimating equations (GEE) based on the normal distribution estimated mean differences in outcome scores at each time point, accounting for clustering of subjects by ECLS-B designed sample clusters. Sampling weights were not applied in the primary analyses because the objective was to obtain internally valid estimates of the relationship between gestational age and outcome scores among study participants rather than to ensure that findings were representative of 2001 U.S. births.
In order to describe the shape of the relationship between gestational age and each outcome, four methods of modeling gestational age were compared: (1) categories for each week comparing to a 40-week referent category, (2) ACOG categories comparing to a full term (39-40 weeks) referent category, (3) continuous (linear model), and (4) continuous adding a quadratic term (i.e., squared gestational age). Model fit was compared using quasi-likelihood under the independence model (QIC) statistics analogous to Akaike information criterion (AIC) statistics for generalized estimating equations. Cubic terms were also considered but dropped from final analyses due to limited statistical power especially in the smaller gestational age categories and because they did not offer superior model fit compared to quadratic models. To graphically compare across gestational age definitions, predicted scores for each week of gestation were plotted at covariate reference values.
All analyses were adjusted for child's assessment age. Clinical recommendations suggest correcting for prematurity until two or three years of age; therefore we used corrected age for the primary 2-year analyses. Correcting for prematurity means that a child's degree of prematurity (e.g., 3 weeks premature) is subtracted from his or her chronological age measured from birth date in order to arrive at a "testing age" for developmental assessments -effectively resulting in a premature child being compared with term-born children of higher chronological age. Typical practice is to subtract the number of weeks born early (compared with 37 weeks) from the child's chronological age. 24 Given recent evidence of the impacts of mild prematurity on cognitive outcomes, however, we corrected children's testing ages to a referent of 40 weeks, and we applied the correction for all children born earlier than 40 weeks. For example, a child born at 36 weeks and tested at 24 months chronological age was assigned a correcting age of 23 months. Sensitivity analyses were conducted using chronological age for the BSF-R Mental Scale outcome, and using prematurity-corrected age for the kindergarten outcomes. Analyses were also adjusted for child's race/ethnicity, maternal educational attainment, household poverty, child's sex, parity, and maternal age at delivery. About 8% (n = 550) of eligible children who completed the 2-year wave were missing BSF-R Mental Scale scores. In a sensitivity analysis, missing BSF-R scores were multiply imputed using multivariate imputation by chained equations. 25 One-third of the eligible sample was lost to follow up between the 2-year and kindergarten waves. In a sensitivity analysis, the possibility of selection bias influencing the kindergarten results was evaluated using inverse probability of censorship weighting (IPCW) and marginal structural models. 26, 27 Among eligible children who completed the 2-year wave (n=6,700), logistic regression was used to obtain predicted probabilities of participating in the kindergarten wave based on baseline covariates. In weighted GEE models for the kindergarten outcomes, non-censored children were assigned stabilized inverse probability weights, effectively upweighting subjects who were less likely to complete the kindergarten wave.
Analyses were conducted using SAS v9.3 (Cary, NC) and R 3.1 (R Foundation for Statistical Computing, Vienna, Austria). This study was approved by the Emory Institutional Review Board. Unweighted frequencies are rounded to the nearest 50 per National Center for Education Statistics guidelines.
RESULTS
A total of 6,150 children were included in 2-year analyses and 4,450 were included in kindergarten analyses (eFigure 1). Due to oversampling of low birth weight children, about 18% were born before 37 weeks (Table 1 ). Children included in our analyses were racially and socioeconomically diverse: 57% were racial/ethnic minorities, 50% lived under 185% of the FPL, and 50% had mothers who had completed a high school degree or less. The mean BSF-R Mental Scale score was 126.1 (SD=11.0, range 92.4-174.1). Mean scores on the kindergarten reading and mathematics assessments were 44.4 (SD=14.8, range 12.4-82.5) and 43.9 (SD=10.5, range 11.2-69.7) respectively.
Children born at 24-39 weeks performed worse compared with children born at 40 weeks, although estimated deficits were not statistically significant for those born at 31 or 35-39 weeks after covariate adjustment (Table 2; Figure 1A ). Using ACOG categories, significant deficits were observed for the early preterm (−6.6, 95% CI: −8.1, −5.0), moderate preterm (−2.9, 95% CI: −4.0, −1.8), and late preterm (−1.3, 95% CI: −2.3, −0.4) groups. Using a linear term for continuous gestational age suggested a significant, positive relationship between gestational age and BSF-R Mental Scale score. The quadratic function of continuous gestational age was significant but very small in magnitude. There was little difference in QIC statistics across adjusted models. When models were instead adjusted for chronological age at assessment, estimated deficits were stronger (eTable 1). Significant deficits were observed for the early preterm (−12.9, 95% CI: −14.2, −11.5), moderate preterm (−7.2, 95% CI: −8.2, −6.3), late preterm (−3.3, 95% CI: −4.2, −2.5), as well as early term (−1.1, 95% CI: −1.7, −0.5) groups.
Children born at late preterm or earlier scored significantly worse on the kindergarten reading and mathematics assessments compared to those born at term (Tables 3-4 , Figures  1B-1C ). Using individual week categories, most groups under 37 weeks exhibited significant deficits in reading and mathematics scale scores compared to children born at 40 weeks. Using ACOG categories, significant reading deficits were observed for early preterm (−5.1, 95% CI: −7.2, −3.0), moderate preterm (−3.0, 95% CI: −4.3, −1.8), and late preterm (−1.8, 95% CI: −3.3, −0.4). On the mathematics assessment, significant deficits were observed for early preterm (−6.7, 95% CI: −8.5, −4.9), moderate preterm (−3.6, 95% CI: −4.6, −2.7), and late preterm (−1.6, 95% CI: −2.6, −0.6). For both outcomes, we found that only the linear term was significant in models operationalizing gestational age as a continuous variable; quadratic terms were not significant. There was little difference in QIC comparing across adjusted models for each of the kindergarten outcomes. When adjusted for corrected age, estimated deficits for preterm and early term children on both the reading and mathematics assessments were attenuated (eTables 2-3). For reading, estimated deficits were no longer significant for early preterm, moderate preterm, or late preterm compared with term births. For mathematics, significant deficits remained for early preterm (−4.4, 95% CI: −6.2, −2.6) and moderate preterm (−2.0, 95% CI: −3.0, −1.1).
Factors associated with missing 2-year scores were early preterm and moderate preterm delivery, household poverty, hospital stays due to medical problems after birth, receipt of early intervention or other support services for special needs at 9 months or 2 years, and having a parent-reported health problem or impairment that limited ability to walk, run, or play. Rates of chromosomal anomalies or birth defects were similar across children with and without 2-year scores. Results were similar when missing 2-year scores (n=550) were multiply imputed (eTable 4). When 2-year analyses were restricted to children tested at 22-26 months of age, results were similar in models adjusting for chronological age (eTable 5). In models adjusting for corrected age, estimated deficits for early preterm and moderate preterm children were slightly attenuated. Larger proportions of these groups were excluded based on the 22-26 month criterion after correcting children's ages for prematurity.
About half of those lost to follow up between the 2-year and kindergarten waves were part of the planned 85% sample size reduction between the preschool and kindergarten waves (eFigure 1). These children were more likely to be non-Hispanic white, be preterm, live in poverty, and have younger and less educated mothers, but did not differ in terms of 2-year scores. Applying IPCW stabilized weights to account for potential selection bias did not meaningfully change results for the kindergarten outcomes (eTables 6-7).
COMMENT
Children born at early preterm, moderate preterm, and late preterm had deficits in cognitive ability at 2 years old and reading and mathematics achievement scores at kindergarten age compared with their peers born at full term. Magnitude of deficits increased with decreasing gestational age.
Our examination of the relationship between gestational age at delivery and cognitive and academic outcomes in early childhood using multiple approaches to modeling the full continuum of gestational age contributes to the extant literature that often dichotomizes or coarsely categorizes preterm births in some way (e.g., <32 weeks, 34-36 weeks) and uses 37 weeks or later as a reference group. The consequence of these categorical schemes is that children with different risk may be inappropriately pooled into common groups-our objective was to formally test the assumption that such categories adequately describe outcome risks. These analyses of multiple methods for modeling gestational age support the use of ACOG categories-which were developed primarily to capture differences in neonatal medical outcomes-as a useful, parsimonious approach to capturing overall patterns in cognitive and academic outcomes by gestational age. Similar fit statistics across models suggested that none of the methods for operationalizing gestational age resulted in a model that clearly had comparatively superior predictive power. For all three outcomes, the use of ACOG categories adequately described the shape of the relationship between gestational age and cognitive/academic score within our study cohort and did so with clinically meaningful cut-points.
This study benefitted from the use of data from a large birth cohort with rigorous prospective data collection and direct assessment of children's cognitive and academic outcomes. The population-based design of the study, however, comes with some inherent limitations, namely that even with over-sampling of low birth weight infants and a large overall sample, numbers of children at earlier gestational weeks, especially below 32 weeks, were still relatively small. There may have been low power to detect associations and identify nonlinear relationships when categorizing gestational age by individual week and using continuous functions of gestational age, particularly in very preterm range where nonlinearities might be observed. Being able to potentially delineate differences in outcomes within the early ACOG categories (e.g., very preterm spanning 24-27 weeks and moderate preterm spanning 28-33 weeks), with comparison to outcomes along the full spectrum of gestational age as we have done in this study, may be useful for neonatologists and pediatricians as well as for parents and families of very and moderately preterm children. Additional studies with larger sample sizes at extreme gestational weeks is needed to estimate week-by-week differences, and we suggest that these studies use a similar approach to ours analyzing the full spectrum of gestational age to better understand the distribution of outcomes rather than restricting to pre-specified reference groups.
Further, a limitation of using population-based secondary data-in contrast to, for example, follow up of hospital-based populations-is potential underrepresentation of children with severe disabilities that preclude them and their families from agreeing to participate. In this study, we did find that children with parent-reported impairments or who received early intervention services were slightly less likely to complete the 2-year assessment. Our results should be interpreted with the caveat that they may be representative of the group of preterm and early term children who are well-functioning enough to participate in a longitudinal study and to complete standard cognitive and academic assessments.
The extant literature suggests that higher risk of cognitive and academic problems and educational problems persists up through early term births, 28,29 but we found a significant deficit for ECLS-B children born at early term only on the BSF-R Mental Scale when adjusting for chronological instead of corrected age. It is possible that this was driven by correcting for prematurity for all children born earlier than 40 weeks rather than the more common clinical practice of applying the correction if born earlier than 37 weeks. Further examination of the appropriate gestational age cut-off for applying a "prematurity" correction is needed in light of more recent findings of cognitive and academic deficits nearer to term.
with several recent studies [30] [31] [32] -that correction for prematurity may be warranted beyond two or three years of age, an issue that remains under debate. Use of a prematurity correction relies on an assumption that developmental outcomes of preterm children temporarily lag behind full-term children due to their early delivery and therefore shorter time since conception for central nervous system maturation. Clinical recommendations to correct for prematurity through two or three years old are based on the notion that preterm children are expected to eventually catch up with their term peers as the pace of developmental growth slows. The use of chronological age is supported by the rationale that environmental factors such as the home environment, medical care, and parent-child interactions also play an important role in post-birth development. 33 In practical terms, chronological age may be used in screening for early intervention services and becomes even more relevant as children enter school based on their birth date. A recent survey of pediatric health care providers in a primary care network in Pennsylvania, New Jersey, and Delaware, showed that chronological age was used in developmental surveillance in 71% of visits for children born <32 weeks 34 suggesting the importance of understanding potential differences in observed outcomes when using corrected versus chronological age.
A few additional limitations should be mentioned. Our analyses used the clinical estimate of gestational age due to measurement concerns related to using LMP dating 35 and therefore excluded California births; results were similar, however, when analyses were repeated using gestational age based on LMP dating. Measurement error in gestational age reported on the birth certificate is possible and may potentially vary with factors such as socioeconomic status and timing of entry into prenatal care. Further, the analytic sample dropped by about 30% between Wave 2 and the kindergarten waves raising concerns about potential selection bias. There was little change in our findings when IPCW weights were applied to account for differential probabilities of loss to follow up. Longitudinal trajectories of cognitive and academic scores were not studied because the BSF-R Mental Scale used at age 2 years and the ECLS-B kindergarten reading and mathematics were not designed to be comparable assessments.
A large body of literature demonstrates that preterm and early term children are at higher risk of cognitive deficits and worsened academic outcomes in childhood. This study contributes to that literature by estimating the relative performance of children at all gestational ages in a population-based birth cohort using multiple approaches to modeling gestational age, providing a more rigorous understanding of the relationships between the full spectrum of gestational age and cognitive and academic outcomes in early childhood and at school age. Characteristics of the analytic cohorts.
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